The ability to apply highly controlled electric fields within microfluidic devices is valuable as a basis for preparative and analytical processes. A challenge encountered in the context of such approaches in conductive media, including aqueous buffers, is the generation of electrolysis products at the electrode/liquid interface which can lead to contamination, perturb fluid flows and generally interfere with the measurement process. Here, we address this challenge by designing a single layer microfluidic device architecture where the electric potential is applied outside and downstream of the microfluidic device while the field is propagated back to the chip via the use of a co-flowing highly conductive electrolyte solution that forms a stable interface at the separation region of the device. The co-flowing electrolyte ensures that all the generated electrolysis products, including Joule heat and gaseous products, are flowed away from the chip without coming into contact with the analytes while the single layer fabrication process where all the structures are defined lithographically allows producing the devices in a simple yet highly reproducible manner. We demonstrate that by allowing stable and effective application of electric fields in excess of 100 V cm −1 , the described platform provides the basis for rapid separation of heterogeneous mixtures of proteins and protein complexes directly in their native buffers as well as for the simultaneous quantification of their charge states. We illustrate this by probing the interactions in a mixture of an amyloid forming protein, amyloid-β, and a molecular chaperone, Brichos, known to inhibit the process of amyloid formation. The availability of a platform for applying stable electric fields and its compatibility with single-layer soft-lithography processes opens up the possibility of separating and analysing a wide range of molecules on chip, including those with similar electrophoretic mobilities.
Introduction
Microfluidic free-flow electrophoresis (μ-FFE) is a powerful tool for the separation and analysis of charged particles due to its capability to work with small sample volumes, the high separation efficiency that it affords, and its ability to work under steady state flow conditions. [1] [2] [3] [4] [5] [6] [7] The traditional route to integrating electric fields with microscale channels comprises the incorporation of metal electrodes within the microfluidic chip. [8] [9] [10] [11] [12] [13] [14] [15] [16] The generation of electrolysis products at the electrode/liquid interface, however, imposes limitations on the stability and sensitivity of devices exploiting these approaches in conductive media. The prime concern in this context is the formation of gas bubbles at the electrode/liquid interface: the gaseous products not only disturb the flow in the microchannels, leading to unstable separation, but they also influence the electric field, making quantitative characterisation challenging. Indeed, as the liquid volumes characteristic of microfluidic devices are on the micro to nanolitre scale, the physical size of bubbles generated within seconds can readily exceed the volumes of microfluidic channels even at comparably low fields of around 20 V cm −1 in conducting buffers which can carry significant current densities.
To address this issue, in conventional macroscopic freeflow electrophoresis setups, ion-permeable barriers, such as cellulose nitrate membranes, are introduced between the electrodes and the separation chambers to prevent gaseous electrolysis products from interfering with the separation process. 4, 17 Several approaches have been presented to similarly reduce the detrimental effects of the formation of the electrolysis products in μ-FFE devices, such as physical separation of the analytical chamber from the electrodes by membranes [18] [19] [20] [21] [22] [23] or (partial) partitions. 3, 8, 17, 24 Additionally, redox electron carriers have been used to suppress the formation and build-up of gas bubbles. 25 In spite of alleviating the concerns about the influence of electrolysis products, many of these approaches have limitations, such as intricate fabrication procedures or significant limitations on the applicable electric field and current. In addition, avoiding or displacing gas bubbles does not on its own overcome the issues created by local pH changes due to dissolved electrolysis products or the associated Joule heating. Finally, external electrodes have been used to facilitate device fabrication, alleviating the risk of gases being introduced onto the chip, [26] [27] [28] but their placement at both inlets and outlets at the same time can still result in electrolysis products and heat flowing through the device. Due to these difficulties, a number of studies have limited the applied electric fields to small voltages where the problem of gaseous electrolysis products would not be significant. 4, 10, 15, 29, 30 However, efficient separation for a more general purpose is possible only in the presence of strong electric fields where the deflection of the analyte molecules in the electric field exceeds their diffusion over the same amount of time.
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Here, we present a strategy for overcoming the specific limitations to the application of high electric fields by placing the electrodes downstream of the microfluidic device to directly and actively transport away the electrolysis products, including heat. Applying the potential off chip allows for large electrode surface areas, thereby decreasing the contact resistance. The electric field can be propagated back into the chip via the use of a conductive electrolyte solution (3M KCl). 32 By co-flowing the salt water in a controlled manner with the separation medium, electrical current can flow against the direction of fluid advection on the cathode side, experiencing just a small voltage drop and thus applying a large electric field across the separation channel without the electrolysis products ever coming into contact with the chip itself. Furthermore, the use of hollow metallic tip connectors as external electrodes allows for straightforward integration of this technology with conventional microfluidic devices containing fluidic elements only, while also providing a large active electrode surface area. We demonstrate the potential of this approach by deflecting charged protein molecules in the electrophoresis area and by further separating both individual proteins and protein complexes from one another in their native environment of aqueous buffers -similar separations are usually performed on solid support media, such as chromatography columns or gel matrices which can interfere with the interactions between the proteins. We also show that the applied electric field can be calibrated which enables the determination of the effective charges of the analytes directly in solution. The fabrication of such devices can be achieved in a single soft-photolithography step and does not require alignment between the fluidic and electronic components. Although demonstrated in the context of μ-FFE, we envision this strategy to be applicable in other circumstances where integration of high electric fields with micron-scale channels is desirable.
Materials and methods

Materials
BSA and human lysozyme were purchased from Sigma Aldrich and used without further purification. The recombinant amyloid-β M1-42, with an N-terminal methionine (hereafter abbreviated as Aβ) was expressed in Escherichia coli from a PetSac plasmid, 33 the inclusion bodies were dissolved in 8 M urea, 10 mM tris/HCl, and 1 mM EDTA at pH 8.5 and the Aβ protein was isolated using ion exchange on diethylaminoethyl cellulose resin, followed by two rounds of size exclusion purification in 20 mM sodium phosphate and 0.2 mM EDTA, pH 8.5, using a Superdex 75 HR 26/600 column (GE Healthcare) and one round in 20 mM sodium phosphate and 0.2 mM EDTA, pH 8.0, using a Superdex 75 HR 10/300 column (GE Healthcare). Before each round, the peptide solution was lyophilized and dissolved in 6 M GuHCl and 20 mM sodium phosphate, pH 8.5, as described previously. 33, 34 The final round of purification served to isolate the pure Aβ monomer and was performed right before the protein was used for the experiment. C-terminal pro-SPC Brichos (hereafter called Brichos) with thioredoxin and His6 tags was expressed in Escherichia coli (the plasmid was a gift from Jenny Presto and Jan Johansson, Karolinska Institute, Sweden) as previously described. 35 In short, inclusion bodies were suspended in 2 M urea, 20 mM Tris, 0.5 M NaCl, and 5 mM imidazole, pH 8.0, and the fusion protein was purified on a Ni 2+ -loaded HiTrap Chelating HP column (GE Healthcare) and cleaved to release the thioredoxin and His6 tag, which was removed using the same chelating column. The Brichos protein was then further purified via ion exchange chromatography using salt gradient elution. The Brichos peak was collected and dialysed against a 20 mM sodium phosphate buffer at pH 7.4. An equimolar amount of amine reactive Alexa488 (Life Technologies) was added from a 5 mM stock dissolved in DMSO to label the Brichos. The solution was incubated at room temperature in the dark for one hour and any unreacted dye was removed by gel filtration in 20 mM sodium phosphate and 0.2 mM EDTA, pH 8.0. The purified monomeric Aβ was incubated at 37°C for 60 min with stirring (300 rpm) at a concentration of 36 μM to produce amyloid fibrils, the presence of which was confirmed via a Thioflavin T assay (20 μM Thioflavin T). The fibrils were then incubated at a final concentration of 24 μM with 0.45 μM Alexa-488 labelled Brichos at 23°C for 48 hours to analyse the binding of the chaperone to the fibrils.
Fabrication of microfluidic devices
The microfluidic devices were fabricated in polyĲdimethylsiloxane) (PDMS; Dow Corning) through a single, standard soft-photolithography step of 25 μm height using an SU-8 3025 photoresist on a polished silicon wafer (MicroChemicals GmbH). 36, 37 The channels were sealed with a quartz slide (Alfa Aesar, 76.2 × 25.4 × 1.0 mm) after both the PDMS and the quartz surface had been activated with oxygen plasma (electronic Diener Femto, 40% power for 15 seconds). The quartz-PDMS devices were then exposed to an additional plasma oxidation step (80% power for 500 seconds) to form silanol groups on the PDMS surface which rendered the channel surfaces more hydrophilic 38 to prevent the protein samples from adhering to the PDMS walls of the device.
Optical detection
Lysozyme and BSA were used as unlabelled molecules and their movement in the electric field was visualised using an inverted deep-UV fluorescence microscope. The sample was illuminated using a 30 mW 280 nm LED (Thorlabs) exploiting the intrinsic fluorescence of the aromatic residues of the proteins in the deep-UV wavelength range. Briefly, the light was passed through an aspherical lens with a focal length of 20 mm to get a nearly collimated beam and after this onto a dichroic filter cube (280/20-25 nm excitation, 357/ 44-25 nm emission, 310 nm dichroic beamsplitter). The reflected light from the dichroic mirror was focused onto the sample by an infinity corrected UV objective lens (Thorlabs LMU-10X-UVB; numerical aperture of NA = 0.25), and the emitted light collected through the same objective was passed through the emission filter and focused onto an EMCCD camera (Rolera EM-C2). All the used optics were made out of fused silica to enable high transmission in the UV wavelength region. The labelled Brichos samples were imaged with a fluorescence inverted microscope (Axio Observer D1, Zeiss) equipped with a relevant filter cube (Chroma 49003) and a camera (Evolve 512 EM-CCD, Photometrics).
Results and discussion
Device design
To implement downstream electrodes for free-flow electrophoresis, we designed microfluidic devices containing three wide parallel channels that were connected by narrow (20 μm) perpendicular channels (Fig. 1A) . The middle of the three channels (2 mm in width) included the analyte stream which was flanked by the co-flowing buffer (identical to the buffer that the analyte molecules were dissolved in) from both sides. The two side channels (1.2 mm in width) contained the highly conductive electrolyte solution (3M KCl) that transmitted the electric field upstream to the electrophoresis area. While providing electrical conductivity, the connecting channels were designed to have a large hydrodynamic resistance to minimise mass transfer of the electrolyte solution from the side channels to the central electrophoresis channel. They were further designed to have a meandering shape such that the overall area of the device and hence the variations in the photoresist thickness and microfluidic channel heights would be minimised. The flow out from the electrophoresis channel was split towards two separate outlets. This prevents the positive and negative liquid electrodes from coming into close contact with one another which would reduce the electric field across the separation chamber.
Device operation
The flow of the solutions to the microfluidic channels was controlled by syringe pumps (Cetoni neMESYS modules) to 280 μL h −1 in the main channel and 330 μL h −1 in each of the electrolyte containing channels. This allowed the generation of a thin sheet of the electrolyte solution along the edges of The electrophoresis chamber is connected to a co-flowing electrolyte solution (3M KCl) via narrow perpendicular channels that control the mass transfer of the electrolyte to the electrophoresis chamber forming a thin sheet of electrolyte at the edges of the chamber (inserts (i), (ii); visualised via the addition of trace amounts of bovine serum albumin). The electric field is applied from metal clips at the outlets of the electrolyte channels and it propagates to the electrophoresis channel along with the flowing electrolyte solution. (B) The co-flowing electrolyte solution transports the electrolysis products away from the chip while simultaneously propagating the electric field in the direction opposite to the flow back into the device.
the main channel (Fig. 1A inserts, visualised by adding bovine serum albumin (1 mg mL −1 ) into the electrolyte solution). The flow rate of the auxiliary fluid was 19 times higher than that of the sample. Hollow metal dispensing tips (20G, Intertronics) were inserted as external electrodes to the outlets of the electrolyte channels and used to apply the electric field (Fig. 1B) . Upon application of voltage, the highly conductive KCl solution transmitted the current and electric field to the electrophoresis channel. Gas bubbles nucleated only at the interface of the metal clips and the electrolyte solution and were carried away from the device with the electrolyte flow such that they could not affect the electric or the flow field in the microfluidic device. The fluid was collected in polyethene tubing (Smiths Medical; 800/100/280) connected to 90°bent metal tips. The hydrodynamic "resistors" at the electrolyte outlet (Fig. 1A) were designed to have a hydrodynamic resistance R h such that the pressure drop on chip would exceed the build-up of hydrostatic pressure in the linear section of the clips (h ≈ 10 mm):
where Q is the flow rate of the electrolyte out of the chip and ρ is the density of the electrolyte solution. This way, the fluid flow rates in all the microfluidic channels are controlled merely by the incoming flows and the hydrodynamic resistances that the channels are designed to have but not by external factors. The absence of the hydrodynamic "resistors" at the electrolyte outlets can lead to asymmetric and potentially unstable flow profiles in the separation chamber as small variations in the depth to which the two metal electrodes are manually inserted to can affect the electrolyte flow into the narrow channels connecting the electrolyte channels to the separation chamber.
To demonstrate the presence of electric field, we injected bovine serum albumin (BSA) molecules via the sample inlet (Fig. 1A) and tracked their movement in the electrophoresis chamber. The protein molecules were dissolved in phosphate buffer (2 mg mL −1 in 10 mM, pH 7) and visualised via their intrinsic fluorescence. This objective was achieved through the use of deep-UV fluorescence microscopy (280 nm excitation; Materials and methods) exploiting the intrinsic fluorescence of the aromatic residues of proteins in this wavelength range. A voltage ramp from 0 V to 54 V with a step size of 3 V was applied using a 500 V bench power supply (Elektro-Automatik EA-PS 9500-06) and the profiles of the protein samples were recorded at the position indicated in Fig. 1A , ii. At this distance, the deflection is small enough to ensure that even at the highest voltage the protein molecules do not interact with the electrolyte that enters the electrophoresis area via the perpendicular connecting channels. The clear deflection of the protein molecules towards the positively charged electrode indicates the presence of electric field ( Fig. 2A) . Fig. 2 (A) The position of BSA molecules (2 mg mL −1 in 10 mM phosphate buffer, pH 7) was recorded between 0 V and 54 V with a step size of 3 V using deep-UV fluorescence microscopy (280 nm excitation, 340 nm emission) to visualise the protein molecules via their intrinsic fluorescence. The images were taken between the third and the fourth connecting channels counting from upstream (Fig. 1A, ii) . The areas annotated by red rectangles (height of 150 pixels) were used to extract the fluorescence profiles. (B) The fluorescence intensity of the BSA sample along the crosssection of the device was extracted at all the voltages to quantify the movement of the molecules in the electric field (average of n = 3 repeats) and to confirm that there was no bulk movement of the fluid in response to the field. (C) The width of the beam of the analyte was observed to increase with its deflection in the electric field as predicted by eqn (1).
To observe the mass transport of the electrolyte into the main separation channel, we supplemented the former solution with a low concentration of BSA (1 mg mL −1 ; Fig. 1A , insets) and monitored its spatial localisation by UV microscopy. During the application of the electric field, a thin fluorescent layer at the sides of the electrophoresis chamber was observed; however, it stayed at a constant position (Fig. 2B) , indicating that there was no bulk movement of the electrolyte fluid into the electrophoresis area due to effects such as electroosmosis. Instead, the interface of the fluorescent sheet was described by the diffusion of the BSA molecules at the interface. Crucially, the diffusion coefficient of the BSA molecules (6 × 10 −11 m 2 s −1 ) is less than two orders of magnitude smaller than that of potassium and chloride ions (2 × 10 −9 m 2 s −1 -the precise value depends on the concentration). 39, 40 Therefore, within the same residence time, the electrolyte ions diffuse about six times further into the electrophoresis area than the fluorescent BSA marker molecules, i.e. of the order of 100 μm. The average residence time of the fluids within the electrophoresis chamber up to the measurement point is , within this time the electrolyte ions diffuse by around .
This number is an approximation as in reality the residence time varies across the cross-section of the device and is higher closer to the edges of the channel than at the centre. With the width of the electrophoresis area being 2 mm, we estimate the electric field across the majority of the width of the electrophoretic chamber to be uniform, which is further confirmed by the linear relationship between the applied electric field and the deflection of the BSA molecules (Fig. 3C) . We note that the protein band broadens when the molecules deflect in the electric field ( Fig. 2B ; average of n = 3 repeats). The observed variance of the analyte band σ total 2 can be described as the sum of the variance contributed by several sources: the finite bandwidth of the sample stream (σ inj . 41 We estimate that the latter three do not contribute significantly towards the broadening because of the negligible electroosmotic flow (σ ED 2 ∼ 0), no conductivity difference between the sample and the carrier buffer (σ EHD 2 ∼ 0) and fast heat losses due to the high surface area to volume ratio (σ JH 2 ∼ 0). The variance of the beam width can thus be approximated as:
31 (1) where w inj is the width of the sample injection stream, h and L are the height and the length of the electrophoresis channel, respectively, v is the linear velocity of the sample in the channel and d is the deflection of the analyte band. The standard deviations of the Gaussian curves fitted to the extracted fluorescence profiles at the different voltages (Fig. 2B ) were in agreement with the deviations predicted for the geometry of our device (Fig. 2C) .
Quantification of electric field and electrophoretic mobilities
With the downstream electrode strategy described in this paper allowing for highly controlled fluid flow, we next demonstrate that it can be used for the characterisation of the effective charges of analytes in solution. To estimate the Fig. 3 (A) Current vs. voltage relationship between the cathode and the anode was recorded first under the conditions where the protein sample and co-flowing buffer were flowed into the separation channel (green circles, average of n = 3 repeats) and then replacing these by a highly conductive electrolyte (3M KCl) solution (blue triangles, average of n = 3 repeats). (B) These data were used to estimate the resistances of the electrodes (250 kΩ) and the overall device (398 kΩ), indicating that the voltage efficiency is around 40%. (C) From the relationship between the drift velocity and the electric field, the electrophoretic mobility of the BSA molecules in pH 7 was estimated to be . electrophoretic mobility (μ el ) of the protein molecules, we set out to quantify the electric field in the electrophoresis chamber. First, the total electrical resistance of the device was determined from the current vs. voltage relationship ( Fig. 3A ; green circles; average of n = 3 repeats) to be 398 ± 18 kΩ (data recorded simultaneously with the fluorescence profiles of the protein band in Fig. 2B ). Next, we noted that if all the channels of the device included an equally conductive solution the electrical resistance of the electrophoretic area would be significantly smaller than that of the connecting channels and the electrolyte channels on the sides. Thus, instead of the sample buffer, a 3 M KCl electrolyte solution was flowed in the electrophoresis chamber (injected via both the inlets of the sample and the flanking buffer - Fig. 1A ). This yielded an estimate of 250 ± 11 kΩ for the electrical resistance of the electrodes (Fig. 3A , blue triangles; average of n = 3 repeats).
These resistance values agree well with the theoretically estimated electrical resistances of the electrodes and the separation channel (ESI †). From these obtained individual resistances, we concluded the voltage efficiency for our described μ-FFE device to be around 40% (Fig. 3B) . Due to the high aspect ratio of the electrophoresis channel and low Péclet number along its height (Pe = 0.1), the average residence time of the BSA molecules in the section of the channel where the molecules migrate can be estimated as = 2.2 seconds. Using this value, the drift velocities of the BSA molecules at all the individual voltages were estimated and the electrophoretic mobility of the molecules was extracted as (Fig. 3C) . Using literature values for the diffusion coefficient of BSA, the charge of the molecules at pH 7 was evaluated to be around elementary charge units -this estimate is in good agreement with previously obtained values in solutions of similar pH and ionic strength.
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Separation and analysis of biological mixtures Finally, the device discussed here presents a combined ability to apply high electric fields and maintain an accurate flow profile through the device even as gaseous electrolysis products accumulate downstream of the microfluidic chip. This opens up the further possibility of determining the effective electrophoretic mobilities of individual protein molecules when they are present in mixtures. We have demonstrated this by applying an electric field to a mixture of BSA (pI 5) and human lysozyme (pI 9) in 10 mM sodium phosphate buffer at pH 7.4. The two molecules were separated under an electric potential ( (Fig. 4B) . Given the extensive number of proteins in biological mixtures, such as cell lysate, the separation of such mixtures into all its individual components can be a very challenging goal. Song et al. 44 have used free-flow electrophoresis as a preparative technique for mass spectrometry analysis and successfully separated five pI markers (peptides) from one another. They show that further improvements in resolution are possible by placing multiple separation units sequentially and changing the pH closer to the pI of the analytes in each of the next units. The achievable resolution in any of the individual units, however, is limited by the beam broadening effect described in eqn (1) . Indeed, when the flow rate is small, the diffusive broadening term (σ D 2 ) starts to dominate eqn (1), whereas at high flow rates the contribution from the hydrodynamic broadening effect (σ HD 2 ) becomes dominant -this is because of the increased pressure drop leading to larger differences in the carrier fluid velocity between the fluid layers that are flowing closer to the walls and those at the centre of the channel. The overall broadening is minimal at an intermediate flow rate where the two terms contribute equally. Indeed, ignoring the electroosmotic effect and Joule heating, we can derive an expression for the critical flow rate to channel length ratio ( ; ESI †) at which the broadening is smallest and further express this minimal possible broadening as a function of the relative deflection C (fraction of the channel width by which the analyte is deflected):
For example, for a relative deflection of C = 45% from the centre of the channel, the minimum possible beam width (defined as 2 × σ total ) is over 8% of the total channel width for the case when the analyte is filling 5% of the channel at the injection and a channel aspect ratio of as was used in this work. For a relative injection width of 1% and a channel aspect ratio of which could be achieved by placing support pillars in the channel, the beam width at a relative deflection of C = 45% could be further reduced to around 2.5%, while the less deflected analytes would remain more confined (e.g. 1.2% at a relative deflection of C = 10% the channel width). As such, full proteome-level fractionation and selection of specific proteins of interest is likely to be possible only by combining the separation units described here sequentially. Simultaneously, however, with the ability to generate stable electric fields via efficient removal of electrolysis products, the described platform can be used for detecting interactions between proteins and for further separating proteins and protein complexes from one another directly in their native environment. To show the power of this approach, we have examined here the mixture of an aggregate forming protein amyloid-β (Aβ) and a molecular chaperone Brichos.
Aβ is a polypeptide that is prone to self-association and fibril formation; its assembly is believed to play a critical and potentially casual role in the development of Alzheimer's disease. 34 The pathway of Aβ aggregation involves a transient heterogeneous mixture including oligomeric species of a range of different association numbers and structural forms. Molecular chaperones are known to play a key role in aiding the folding process of newly synthesised proteins into their native states and to prevent protein aggregation. Specifically, Brichos, which is a protein of approximately 100 amino acids, has been found experimentally to inhibit misfolding and aggregation of Aβ both in vitro and in vivo.
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By incubating a mixture of aggregated Aβ (24 μM) and fluorescently labelled Brichos (0.45 μM) and exposing the mixture to the electric field, we detected the formation of a complex between Brichos and Aβ fibrils (Fig. 5A and B) and further fully separated the formed fibril-chaperone complex from the individual chaperone molecules. The occurrence of this interaction is in agreement with an earlier observation of Brichos molecules binding to Aβ fibrils which is believed to inhibit the potential secondary nucleation events that could otherwise occur on the surfaces of the fibrils. 46 Non-covalent and reversible interactions between biomolecules, such as proteins, are the basis of an extremely wide range of biophysical and biochemical processes and due to their modulation by solution conditions, these interactions are best studied under native conditions in aqueous environments. As such, we feel that our platform is ideally suited for probing interactions in mixtures as not only is there no interference with a support medium in contrast to more commonly used biophysical separation techniques, such as chromatography or protein gels, it also allows probing these interactions at short timescales not accessible with these more conventional techniques.
Conclusions
We have designed and demonstrated a single step lithography approach to fabricate microfluidic devices that can be used to apply high electric fields without the formation of any electrolysis products in the electrophoresis area. This objective was achieved by applying an electric potential to the electrodes situated downstream and outside of the chip and using a flowing electrolyte solution to simultaneously transport the electrolysis products away from the chip and propagate the electric field in the direction opposite to the flow back into the device. We demonstrated the generation of electric fields above 100 V cm −1 and estimated the effective charges of molecules in a mixture by exploiting our ability to apply such fields in a quantitative manner. The availability of a simple strategy to apply strong electric fields within microscale channels in a highly controlled manner opens up the possibility of using microfluidic free-flow electrophoresis in PDMS microfluidics as a preparative technique for the separation of individual proteins or protein complexes while further obtaining quantitative information about their charge states directly in solution during the separation process.
Conflicts of interest
Parts of this work have been the subject of a patent application filed by Cambridge Enterprise Limited, a fully owned subsidiary of the University of Cambridge.
